We have characterized, by means of atomic force microscopy, the as-grown and subsequently in situ annealed surfaces of 5 nm GaAs layers grown by molecular beam epitaxy (MBE) on a vacuum-cleaved (110) GaAs surface, and find that a high temperature growth interruption and anneal remarkably improves the surface morphology of the (110) GaAs layer. Interruption of the 490
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The growth of GaAs-related materials on non-(001) surfaces by molecular-beam epitaxy (MBE) has become of increasing importance for fabricating novel semiconductor nanostructures. The growth on (110) cleaved surfaces, in particular, has been a key process in the cleaved-edge overgrowth (CEO) method, in which two MBE growth steps are separated by an in situ wafer cleavage process.
1) The CEO growth method has been used to fabricate a host of low dimensional quantum structures including precisely spaced quantum dots,
2) modulation-doped quantum wires (QWRs) showing nearly ideal quantum transport characteristics, 3) and TQWRs formed at the right angle T-shaped intersection of two quantum wells (QWs). 4) In the case of T-QWRs, the optical properties inherent to their low dimensionality have been revealed, [5] [6] [7] and T-QWR lasers have been demonstrated. 8, 9) Optimum MBE growth of GaAs layers on the (110) surface exposed by a cleave is technically difficult, because the epitaxial window is narrow with a low substrate temperature range (470-500
• C) combined with a very high As 4 -vapor overpressure (V/III beam-equivalent-pressure ratio of about 70). 1) These growth conditions suggest low atomic Ga and As surface mobilities, and thus non-optimum final lattice site locations and rough growth. These issues plus a tendency for bilayer step formation, 10, 11) have led to the result that flat GaAs (110) surfaces have been very difficult to achieve. This is reflected in the photoluminescence (PL) linewidth of (110) QWs which has been always several times broader than is observed in conventional (001) MBE QWs. 12) CEO on (110) in situ-cleaved surfaces differs from conventional MBE growth in still another way, in that the essential layers are formed directly on the atomically flat surface of the cleavage plane. Altogether, it has become clear that an improved understanding of the surface morphology of the growing (110) GaAs epitaxial layer in CEO is necessary if the quality of CEO-grown nanostructures is to be improved.
In this letter, we characterize, by means of atomic force microscopy (AFM), the surface roughness of a series of 5-nmthick (110) GaAs epitaxial layers grown by CEO at 490
• C on freshly exposed (110) cleaved surfaces. We also investigated techniques to further improve the surface flatness by growth * E-mail address: yoshita@issp.u-tokyo.ac.jp † Also visiting scientist at Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974, U.S.A.
interruption and subsequent in situ annealing, and indeed we find that the optimum anneal conditions differ markedly from the conditions for optimum MBE (110) growth. For (110) GaAs layers grown at 490
• C, we find annealing at 600
• C for 10 minutes in an As 4 overpressure yields an atomically flat surface over areas several tens of µm on a side.
All samples studied here were 5-nm-thick GaAs epitaxial layers grown by the CEO method on in situ cleaved (110) surface edges of (001) GaAs substrates using a growth temperature of 490
• C and growth rate of 0.43 µm/h. After the 5 nm GaAs growth, we interrupted the growth and annealed the sample under an As 4 -flux in the MBE chamber with various annealing times and temperatures.
The surface morphology of the samples was characterized by AFM measurements in air. The degradation of the GaAs sample surface due to room temperature air oxidation was negligible, since distinct GaAs monolayer-height steps are clearly and reproducibly resolved on the sample surfaces.
We first characterized the as-grown surface of the 5 nm (110) GaAs epitaxial layer grown by the CEO method at 490
• C without annealing. This is shown in the AFM image of a 2 µm × 2 µm region in Fig. 1(a) . As a comparative reference, we show in Fig. 1(d) an AFM image directly on a bare (110) cleaved surface of the (001) GaAs substrate. The cleave is atomically flat without monolayer steps or islands as expected.
The CEO as-grown surface in Fig. 1(a) is, however, covered with triangular shape islands each one or two monolayers (MLs) high (1 ML = 0.2 nm in the (110) surface) and 100 to 200 nm in lateral extent, whose apexes are aligned to [001] direction. These triangular islands are superposed on underlying monolayer-height terraces forming features generally the same as those previously reported for the conventional MBE growth on (110) substrates. 10, 11) From the height analysis of the AFM image, it was found that the mean and peak-to-peak height distribution on the (110) as-grown surface were 1.5 and 5 MLs respectively.
Note that this as-grown surface of the (110) GaAs epitaxial layer by the CEO method corresponds to the top interface of the (110) QWs which form T-QWRs studied extensively elsewere. [4] [5] [6] [7] [8] [9] The islands and the relatively large height distribution existing on the as-grown surface observed here nicely accounts for the broad PL linewidth observed in the (110) QWs and T-QWRs grown by the CEO method [4] [5] [6] [7] and the localization of the electronic states in the T-QWRs. 13) It is important to clarify whether atom migration tends to flatten the (110) surface or roughen it for example by step bunching or facet formation. For this purpose, we have characterized the surface morphology of the samples annealed for 3 and 10 minutes keeping the substrate temperature at 490
• C, as shown in Figs. 1(b) and 1(c) , respectively. The observation area was 2 µm × 2 µm.
Note that the surface morphology was improved by annealing. Though the mean and peak-to-peak height distribution were still about 1.6 and 5 MLs respectively, most islands on the surface were enlarged from sub-µm to µm scale, and the underlying monolayer-height terraces also became larger connecting with one another as the annealing time was increased. Moreover, the 3-min. annealed surface shows some smaller islands (<50 nm in lateral width) that are seen to disappear after the 10-min. anneal. The data clearly shows that the migration of atoms (probably Ga) tends to flatten the as-grown (110) surface with time at 490
• C. In an attempt to enhance this atom migration, we followed the 490
• C MBE growth with anneals at elevated temperatures of 510, 560, and 600
• C for 10 minutes. These are characterized by AFM as shown in Figs. 2(b) , 2(c) and 2(d), respectively. For this figure, the scanned area shown is extended to 5 µm × 5 µm. For comparison, the AFM image of the 490
• C as-grown surface is represented in Fig. 2 (a) also on a 5 µm × 5 µm scale. The gradual undulation of height along the horizontal direction seen in the background of all the images in Fig. 2, particularly in (c) and (d) , is an artifact due to the nonlinearlity of the scanning piezo tube in the AFM, and should be ignored.
At all annealing temperatures, particularly as the annealing temperature was increased, the surface morphology is dra- matically improved. At the annealing temperature of 510
• C, which is 20
• C higher than the growth temperature, larger islands of µm-scale were formed and the mean height distribution was reduced to 1.3 MLs, but a lot of sub-µm-scale smaller islands still remained and the peak-to-peak height distribution was still about 4 MLs. The anneals of 560 and 600
• C, on the other hand, produced almost flat surfaces. Especially at 600
• C, no island step-structures were observed. Indeed an atomically flat monolayer-step-free surface was formed in over areas several tens of µm in extent. These results demonstrate that the migration of the surface atoms is enhanced at these higher temperatures and that the (110) GaAs surface is stable even at 600
• C for annealing. We should emphasize that the allowed, and hence optimum, conditions for annealing and growth are different. The growth of (110) GaAs layer requires high As 4 -vapor pressure and low substrate temperatures of 470-500
• C, because of low incorporation rate of As atoms to unstable sites on the (110) surface. 14) On the other hand, annealing is not limited by these conditions. The (110) GaAs surface is stable under an As 4 overpressure at substrate temperatures of at least 600
• C, where enhanced surface migration of atoms becomes effective in improving the surface morphology of the (110) GaAs epitaxial layer.
This technique enables us to form high-quality (110) GaAs QWs sandwiched by the two interfaces defined by cleavage and annealing with atomically flat surface over tens of µm scale, in which ideal two-dimensional electronic states are expected to be formed. Moreover, recent experiments have shown that this annealing technique reduces the PL linewidth of T-QWR structures by an order of magnitude.
It is now important to characterize the dependence of the surface morphology on the deviation of the amount of GaAs deposition from integer MLs, because fractional ML of GaAs can by no means accomplish an atomically flat surface. For this purpose, the sample was grown by the CEO method with- out substrate rotation, but with the CEO surface aligned along the Ga flux gradient, so that a spatial distribution of GaAs layer thickness by 1%/mm was intentionally introduced. The averaged growth thickness was again 5 nm, and annealing was again done at 600
• C for 10 minutes. Figure 3 shows the surface morphology observed at different positions on the (110) GaAs surface of this sample. At the position (b) which is expected to have thickness of 5 nm or 25 MLs exactly and is denoted as integer-ML, we observed the atomically flat surface over several tens of µm as shown in Fig. 3(b) .
At other positions (a), (c), and (d) on the sample, the thickness estimated with the distance from the position (b) and the Ga flux gradient of 1%/mm is deviated from 25 MLs by (a) +0.1 ML, (c) −0.3 ML, and (d) −0.4 ML. As seen in Figs. 3(a)-3(d) , the surface morphology is sensitive to the amount of GaAs deposition, and small deviations from the integer-ML deposition cause formation of island or hole structures.
With +0.1 ML deviation ( Fig. 3(a) ), small 2-MLs-height islands elongated along [001] direction were formed on the underlying atomically flat surface. Existence of such small islands in the interface of the (110) QWs should cause localized electronic states at low temperatures. 15, 16) For the deviation down to −0.3 ML (Fig. 3(c) ), monolayer steps or µm-size holes with monolayer depth appeared. For further deviation of −0.4 ML (Fig. 3(d) ), the holes with monolayer depth were connected with each other and changed to larger terraces, and 2-MLs-height islands appeared at the step edges of these monolayer terraces. This result indicates that careful control of layer deposition thickness during growth is required to form an atomically flat surface with macroscopic scale. In summary, we have performed AFM measurements on the as-grown and annealed surfaces of the 5 nm (110) GaAs epitaxial layers grown at 490
• C on the cleaved edge by the CEO method. The as-grown surface had many islands of 100-200 nm in lateral extent and 1-2 MLs in height, and the peakto-peak height distribution was about 5 MLs. It was found that the growth interruption and in situ surface annealing was effective on the (110) GaAs epitaxial layer for improving the surface morphology. Annealing at 600
• C for 10 minutes produced atomically flat surfaces over areas of several tens of µm in extent. The optimum conditions for improving (110) surface morphology by annealing turn out to be different from that for MBE growth.
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